PURPOSE. Idarubicin is a synthetic anthracycline anticancer drug widely used in the treatment of some hematological malignancies. The studies in our laboratory have clearly demonstrated that idarubicin can undergo reductive bioactivation by NADPH-cytochrome P450 reductase to free radicals with resulting formation of DNA strand breaks, which can potentially contribute to its genotoxic effects [Çelik, H., Arinç, E., Bioreduction of idarubicin and formation of ROS responsible for DNA cleavage by NADPHcytochrome P450 reductase and its potential role in the antitumor effect. J Pharm Pharm Sci, 11(4): [68][69][70][71][72][73][74][75][76][77][78][79][80][81][82] 2008]. In the current study, our aim was to investigate the possible protective effects of several phenolic antioxidants, quercetin, rutin, resveratrol, naringenin and trolox, against the DNA-damaging effect of idarubicin originating from its P450 reductase-catalyzed bioactivation. METHODS. DNA damage was measured by detecting single-strand breaks in plasmid pBR322 DNA using a cell-free agarose gel method. RESULTS. Our results indicated that, among the compounds tested, quercetin was the most potent antioxidant in preventing DNA damage. Quercetin significantly decreased the extent of DNA strand breaks in a dose-dependent manner; 100 μM of quercetin almost completely inhibited the DNA strand breakage. Unlike quercetin, its glycosidated conjugate rutin, failed to provide any significant protection against idarubicin-induced DNA strand breaks except at the highest concentration tested (2 mM). The protective effects of other antioxidants were significantly less than that of quercetin even at high concentrations.
INTRODUCTION
In recent years, flavonoids and other phenolic compounds of plant origin have received increasing attention, especially in the field of pharmaceutical sciences and medicine, due to their potential to prevent a number of chronic and degenerative diseases including cancer and cardiovascular diseases (1) (2) (3) (4) . These compounds have been shown to exert a wide range of antioxidant properties in vitro, and most of their health-promoting effects have been attributed to their antioxidant action including their ability to scavenge reactive oxygen species (ROS), chelate metal ions and terminate free radical reactions (5) . The flavonoids comprise the largest group of plant polyphenols found ubiquitously in significant quantities in vegetables and fruits as wells as in plant-derived food products and beverages such as tea and wine. The average daily intake of total flavonoids is estimated to be a few hundred of milligrams (expressed as aglycones), which indicates a substantial exposure of humans to these phytochemicals (6) .
A variety of studies, both in vitro and in vivo, have shown that flavonoids possess several biological and pharmacological activities including anticancer, antioxidant, antimutagenic, antiviral, antimicrobial, anti-inflammatory and immuno-modulatory effects. Although the precise cellular and molecular mechanisms underlying such effects of flavonoids are largely unknown, several mechanisms have been proposed for their protective effects. These include the ability of flavonoids to act as antioxidants, direct radical scavengers, metal ion chelators, carcinogen inactivators, modulators of gene expression and DNA repair, hormones (including neurotransmitters), antihormones, inhibitors of enzyme and inducers of apoptosis (1, 7, 8) . However, in spite of a large number of studies pointing to the importance of flavonoids for the prevention of cardiovascular diseases, cancer and other chronic diseases, more recent studies challenge the in vivo efficacy of flavonoids. These studies indicate that flavonoids themselves are of little or no direct antioxidant value under in vivo conditions based on their limited bioavailability and extensive metabolism in humans (9) .
Although it is still debatable, several animal and human studies have suggested that dietary supplementation of patients receiving chemotherapy with antioxidants might improve the efficacy of anticancer treatment by ameliorating the free-radical mediated toxicity and adverse effects in normal cells induced by antitumor agents (10) (11) (12) . The mechanism of serious side-effects of chemotherapy drugs such as anthracycline-related cardiomyopathy and bleomycin-induced pulmonary toxicity appears to involve the formation of free radicals leading to oxidative stress (13) . Free radicals may also be responsible for the genotoxic effects of such antineoplastic drugs to induce secondary malignancies.
Since natural antioxidant compounds are important candidate agents for their potential use in chemoprevention and/or during or after cancer chemotherapy, extensive studies, both in vitro and in vivo, are currently being conducted on this subject.
Idarubicin is a second-generation anthracycline analog which is clinically effective against acute myelogenous leukemia and some other hematological malignancies (14) . Conventional anthracyclines such as doxorubicin and daunorubicin have been extensively utilized since the 1960's in the clinic for the treatment of a variety of human tumors, but their clinical use has been limited by dose-dependent cardiotoxicity. Consequently, extensive efforts have been made to improve the toxicity profile of parent anthracyclines, which have resulted in the appearance of novel structural analogs.
Idarubicin (a daunorubicin derivative) is one such an analog which has demonstrated reduced cardiotoxicity over daunorubicin and doxorubicin (14) . However, despite its unique features over other anthracyclines, idarubicin is not free from side effects. Anthracyclines produce their antitumor effects through several proposed mechanisms including inhibition of DNA topoisomerase II resulting in the induction of usually lethal DNA double-strand breaks, intercalation into DNA, thereby interfering with DNA and RNA synthesis and production of free radicals (15) .
The studies in our laboratory have clearly demonstrated that idarubicin can undergo reductive bioactivation by purified NADPHcytochrome P450 reductase with resulting formation of single-strand breaks in DNA. This damage was shown to be due to the formation of ROS during one-electron reduction of idarubicin by P450 reductase, which can potentially contribute to the genotoxicity of this antineoplastic drug (16) (17) (18) .
In the present study, using a sensitive and well-defined in vitro pBR322 plasmid DNA damage assay which is free from the interferences caused by cellular defense and DNA repair, we investigated the possible protective effects of several phenolic antioxidants including quercetin, rutin, resveratrol, naringenin and trolox against the DNA-damaging effect of idarubicin originating from its NADPH-cytochrome P450 reductase-catalyzed bioactivation which have not been elucidated before.
MATERIALS AND METHODS

Chemicals
Idarubicin hydrochloride, quercetin, rutin, naringenin and trolox were purchased from Sigma-Aldrich Chemical Company, Saint Louis, Missouri, USA. Mitomycin C was obtained from Kyowa Hakko Kogyo Co., Ltd., Tokyo, Japan. Plasmid pBR322 DNA was purchased from Fermentas International Inc., Ontario, Canada. Resveratrol was kindly provided by Mikro-Gen Ltd., İstanbul, Turkey. Agarose and βnicotinamide adenine dinucleotide phosphate, reduced form (NADPH) were purchased from Applichem, Darmstadt, Germany. All other chemicals used were obtained from commercial sources at the highest grade of purity available.
Preparation of phenobarbital (PB)-treated rabbit liver microsomes and purification of NADPH-cytochrome P450 reductase
Liver microsomes from PB-treated rabbits were prepared by differential centrifugation by using the combination of the methods described by Adali and Arinç (19) and Arinç and Sen (20) . Homogenization was performed in 1.15% KCl solution containing 2 mM EDTA, 0.25 mM -ACA and 0.1 mM PMSF. The washed microsomal pellets were finally re-suspended in 25% glycerol containing 1 mM EDTA at a volume of 0.5 ml for each gram of liver. Microsomes were put in plastic bottles, gassed with nitrogen gas and stored at −86C in a deep freezer until used for purification studies.
NADPH-cytochrome P450 reductase was purified to apparent homogeneity from PBinduced rabbit liver microsomes by slight modifications of the methods previously used in our laboratory for the purification of P450 reductase from a variety of tissues and species (21) (22) (23) (24) (25) . Briefly, the purification procedure involved anion exchange chromatography of the detergent-solubilized microsomes on two successive DEAE-cellulose columns, affinity chromatography of the partially purified reductase on adenosine 2', 5'-diphosphate-Sepharose 4B column and further concentration and purification of the reductase on a final hydroxylapatite column. The purity of the final preparation of enzyme was evaluated by polyacrylamide gel electrophoresis under denaturing conditions (26). The final enzyme preparation was highly pure with respect to microsomes as judged by SDS-PAGE and its absolute absorption spectrum (results not shown). The protein concentrations were determined by the method of Lowry et al. (27) with crystalline bovine serum albumin as a standard.
DNA strand breakage assay
The plasmid DNA experiments were performed as previously reported (28, 29) with some modifications (18). Briefly, the reaction mixtures contained supercoiled plasmid pBR322 DNA (1.0 µg), idarubicin (100 µM), purified rabbit liver P450 reductase (0.2 µg), NADPH (2.0 mM), 100 mM sodium phosphate buffer, pH 7.4 and appropriate concentrations of antioxidants in a final volume of 60 µl under aerobic conditions. The stock solutions of all the antioxidants tested were prepared freshly in methanol in eppendorf tubes, which were wrapped by aluminum foil in order to protect the chemicals from light. The final concentration of methanol in incubation mixtures was 2% of the reaction volume.
Untreated plasmid pBR322-alone control and solvent control incubations were also carried out in each run of gel electrophoresis. After incubating the samples at 37°C for 30 minutes under dimmed light, 5 µl of agarose gel loading solution (0.25% bromophenol blue, 0.5% SDS, 60% glycerol and 5 mM EDTA) was mixed with 20 µl aliquots of incubation mixtures. The samples were then subjected to electrophoresis on a 1% agarose horizontal slab gel containing final concentration of 0.5 µg/ml of ethidium bromide in Tris-borate buffer (45 mM Tris-borate, 1 mM EDTA).
After electrophoresis, resulting gels were photographed using a computer-based gel imaging instrument system (Infinity 3000-CN-3000 darkroom) (Vilber Lourmat, Marne-la-Vallee Cedex 1, France) with Infinity-Capt Version 12.9 software, and DNA damage was quantified using Scion Image Version Beta 4.0.2 software. A correction factor of 1.22 was applied to the measured band intensities corresponding to the supercoiled form to compensate its reduced ethidium bromide uptake capacity (28) . 
RESULTS
The protective roles of quercetin, rutin, resveratrol, naringenin and trolox were evaluated using a pBR22 plasmid DNA damage assay in terms of their ability to limit DNA single-strand breaks generated during P450 reductase-catalyzed bioactivation of idarubicin. This assay relies on the conversion of supercoiled double-stranded DNA molecules (SC) into open circular form (OC), which displays retarded migration in agarose gel electrophoresis. The results of agarose gel electrophoresis are shown in Figures 1-3 . When double-stranded plasmid pBR322 was incubated with idarubicin in the presence of purified rabbit liver P450 reductase and cofactor NADPH, single-strand breaks were induced in DNA as shown by an increase in the relative intensity of the bands corresponding to the open circular form (Figures 1-3) .
The protective effect of quercetin on idarubicin-induced single-strand breaks in plasmid pBR322 DNA was tested at six different concentrations ranging from 50 to 750 µM. In the presence of quercetin, the extent of idarubicininduced DNA damage decreased significantly in a concentration-dependent manner. The results in Figure 1A show that, even at a concentration of 50 µM, quercetin produced about a 58% protection against DNA damage and 100 µM of quercetin was enough for almost complete reduction of single-strand breaks (95% protection) ( Table 1 ).
In the current study, the protective role of quercetin against drug-induced generation of DNA strand breaks in the presence of P450 reductase and cofactor NADPH was also examined using mitomycin C in place of idarubicin in plasmid pBR322 system. Mitomycin C is a well characterized antitumor quinone that is known to be bioactivated by P450 reductase through oneelectron reduction and produces oxygen radicals under aerobic conditions (31) . The flavonoid quercetin showed a dose-dependent protective effect against mitomycin C-induced single-strand breaks in pBR322 DNA as similar to that observed against idarubicin-induced damage ( Figure 1B) . Treatment of plasmid DNA with 50 µM quercetin afforded about 45% reduction in DNA single-strand breaks. At 200 µM of quercetin, it provided about a 77% protection and the presence of 750 µM quercetin resulted in almost complete loss of DNA strand breaks (by more than 90%) ( Table 1) .
Unlike quercetin, treatment of pBR322 DNA with its glycosidated conjugate rutin, at concentrations ranging from 100 to 750 µM, showed no protective effect against idarubicininduced DNA strand breaks ( Figure 2 ). Incubation mixtures containing rutin at 100, 200, 500 and 750 µM produced almost the same level of DNA strand breaks as the solvent control incubation. Duplicate studies were carried out for 100 and 500 µM concentrations of rutin at which the extent of DNA damage produced was calculated to be 100.65 ± 0.65% and 100.4 ± 1.3%, respectively, with respect to solvent control (assumed as 100%). Rutin protected plasmid pBR322 DNA from idarubicin-induced damage at a higher concentration than quercetin. At 2 mM concentration, it provided a 92.5% protection against DNA damage ( Table 2 ).
Compared to quercetin and rutin, the protective effects of resveratrol and naringenin were less pronounced even at high concentrations. Neither resveratrol nor naringenin was active in reducing the amount of DNA single-strand breaks at the effective concentration range of quercetin ( Figure 3A ) (for naringenin, figure is not shown). Both antioxidants, at a concentration of 2 mM, protected DNA against idarubicin-induced formation of single-strand breaks only to the same extent of about 30% (Table 2) . At the highest concentrations of the two compounds tested (5 mM), resveratrol produced about a 62% reduction in idarubicin-induced formation of single-strand breaks, whereas naringenin displayed only a 41% inhibition ( Table 2) .
The protective effect of trolox against idarubicin-induced DNA single-strand breaks was assessed within the same concentration range (50-5000 µM) used for resveratrol and naringenin.
Incubation mixtures containing trolox at 50, 100, 300, 500, 1000 and 2000 µM produced almost the same level of DNA strand breaks as the solvent control incubation. The percentage DNA damage values for these concentrations were calculated to be 96.3%, 95.9%, 99.8%, 103.0%, 98.5% and 96.8%, respectively, with respect to solvent control. The small fluctuations on the percentage protections observed might possibly be caused by handling errors while conducting the experiments. Trolox was found to be almost ineffective at all the above concentrations tested when compared to other antioxidants ( Figure 3B ). At 5 mM, trolox produced only a 13.2% protection against idarubicin-induced plasmid DNA strand breaks ( Table 2) . The ability of the tested compounds to protect DNA from free radical mediated damage was expressed in terms of IC 50 values, which is the concentration that inhibits the formation of DNA damage by 50%. The IC 50 values of quercetin for inhibiting idarubicin-and mitomycin C-induced DNA strand breaks formation were almost the same and calculated as 43.5µM and 49.8 µM, respectively. The IC 50 values of the other tested antioxidants for preventing idarubicin-induced DNA damage were in the millimolar range except trolox since even at very high concentrations it was not effective in protecting DNA ( Figure 3B) .
DISCUSSION
In the present study, exposure of plasmid pBR322 DNA to idarubicin in the presence of purified rabbit liver NADPH-cytochrome P450 reductase and cofactor NADPH resulted in the formation of DNA single-strand breaks. The previous studies in our laboratory have clearly demonstrated that oxygen radicals including superoxide anion, hydrogen peroxide and hydroxyl radical generated during reductive bioactivation of idarubicin by purified NADPH-cytochrome P450 reductase are involved in the DNA-damaging effect of this anticancer drug (18). There is an increasing amount of evidence that oxidative stress resulting from free radical generation is the main causative factor for the serious side effects of anthracyclines including dose-related cardiac toxicity (32) . Idarubicin, a second-generation anthracycline analog, is a chemotherapy drug which is used in the treatment of certain hematological malignancies. Although idarubicin displays reduced cardiotoxicity and possesses unique features that distinguish it from other natural anthracyclines, it is not free from toxic side effects.
In this work, we investigated the ability of quercetin, rutin, resveratrol and naringenin and trolox to prevent free-radical mediated DNA damage evoked by idarubicin in the presence of P450 reductase and cofactor NADPH using a cellfree agarose gel method. The pBR322 plasmid DNA damage assay used in this study is a sensitive and well-defined in vitro assay system without the interferences caused by cellular antioxidant defense systems and DNA repair mechanisms. Our plasmid DNA experiments demonstrated that, among the tested antioxidants, quercetin was highly effective in protecting plasmid DNA against idarubicin-induced strand breakage.
Quercetin has been reported to be one of the most predominant flavonol-type flavonoids. The average daily intake of quercetin accounts for approximately 70% of the total flavonoid intake in Western diet with tea, onions and apples being the major contributors of flavonoids (33). Quercetin has been extensively studied as a pharmacological agent for its antioxidant properties and chemopreventive effects. Rutin (quercetin-3-rutinoside) is a glycoside of quercetin, and has been reported as one of the most commonly occurring flavonol glycosides in the human diet (33).
In our study, quercetin was found to have a higher ability to reduce the DNA-damaging effect of idarubicin than its conjugate flavonoid, rutin. Quercetin, at low concentrations (below 100 µM), was able to reduce significantly the amount of idarubicin-induced DNA strand breaks, whereas treatment of pBR3322 DNA with rutin, up to 750 µM, did not produce any protective effect ( Figures 1 and 2 , Table 1 ). Rutin reduced the level of DNA damage almost completely at a higher concentration of 2 mM when compared to quercetin ( Figure 2 and Table 2 ). In agreement with our results, Noroozi et al. (34) have demonstrated the greater antioxidant capacities of aglycone flavonoids over conjugated forms against hydrogen peroxide (H 2 O 2 )-induced DNA damage in human lymphocytes. Kim and Lee (35) also demonstrated, using vitamin C equivalent antioxidant capacity (VCEAC) assay, that glycosylated flavonoids were less effective antioxidants than their aglycone alone.
It has been shown that rutin, in humans, can be metabolized to quercetin by hydrolases present in the oral and intestinal microflora (36, 37) . Thus, the antioxidant activity of rutin may increase through its enzymatic hydrolysis to the more bioactive aglycone form quercetin (Figure 4 ).
In the present study, we also assessed the protective effect of quercetin against pBR322 DNA single-strand breaks resulting from reductive bioactivation of mitomycin C. Since antioxidants except quercetin did not provide any effective protection against DNA strand scission induced by idarubicin, the protective effect of only quercetin was tested against mitomycin Cinduced DNA damage. Similar to the findings with idarubicin, the plasmid DNA experiments with mitomycin C showed that quercetin effectively decreased the extent of DNA single-strand breaks induced by mitomycin C in a dose-dependent manner over a concentration range of 50-750 µM ( Figure 1 and Table 1 ).
Resveratrol, a natural polyphenolic flavonoidlike antioxidant, is a phytoalexin found in the skin of redgrapes, nuts and berries and is a constituent of red wine. A number of in vitro studies have shown that resveratrol can act as an antioxidant, inhibits platelet aggregation and LDL oxidation and scavenges lipid hydroperoxyl free radicals as well as hydroxyl and superoxide radicals (38). Resveratrol has also been shown to possess chemopreventive and antitumor effects. Naringenin, one of the most abundant citrus bioflavonoids, has been reported to be pharmacologically active as an antioxidant, anticarcinogenic, antimutagenic, antiatherogenic, hepatoprotective and antifibrogenic agent. This substance has also been shown to be capable of inhibiting lipid peroxidation, scavenging free radicals and modulating cytochrome P450dependent monooxygenase activities (39).
However, our experiments showed that, unlike quercetin, neither resveratrol nor naringenin exhibited a potent protective effect against idarubicin-induced DNA strand breaks ( Figure 3 and Table 2) .
Several in vitro studies have demonstrated that the chemical structures of individual flavonoids, more specifically the number and position of hydroxyl groups, affect their capacity to act as antioxidants. The presence of two hydroxyl groups in the ortho position or a hydroxyl group and an oxo group at proximal carbon positions have been shown as the main structural requirements for the greater capacity of flavonoids to protect DNA against oxidative damage (34, 40, 41) . Since quercetin possesses all these structural properties and contains higher number of hydroxyl groups compared to other antioxidants tested, our findings were in accordance with the general criteria given in these studies (Figures 4 and 5) .
The results for trolox in the present study did not demonstrate any protective effect against idarubicin-induced single-strand breaks in plasmid DNA under the same experimental conditions ( Figure 3B and Table 2 ). Trolox is a water-soluble analogue of αtocopherol ( Figure 5 ) with antioxidant and free radical scavenging properties, and has been demonstrated to protect DNA against oxidative damage in vitro (42, 43) . On the other hand, Melidou et al. (41) and Anderson et al. (44) reported that trolox had no effect on H 2 O 2 -or bleomycin-induced DNA damage in human lymphocytes.
In conclusion, the present investigation demonstrated that quercetin is an effective protector against idarubicin-and mitomycin Cinduced DNA strand breaks generated in the presence of purified NADPH-cytochrome P450 reductase and cofactor NADPH. Thus, the in vitro findings presented here suggest that quercetin containing diets may reduce anticancer druginduced toxicities and development of secondary malignancies following the completion of chemotherapy.
